Irreversible electroporation (IRE) is a novel therapy used to ablate tumors with high-field electric pulses applied in short durations. It is important to reduce the generation of heat in IRE to avoid the harmful effects of thermal damage. The objective of this simulation study was to examine the effects of saline irrigation in the reduction of heat upon electrodes used in IRE treatment of hepatocellular carcinoma. We used a two dimensional Finite Element Model of a tumor in a liver with electrodes placed at the center of the tumor. We simulated a typical electroporation protocol with varying thicknesses and conductivities of the saline layer, and we observed the maximum temperature and the distribution of the electric field and temperature in the tissue. Our results showed that the maximum temperature in the tissue decreases with the use of saline, but the surface area of the tumor that could potentially be thermally damaged may increase with the thickness and conductivity of the saline. With the use of saline, one can achieve upwards of a 17% reduction of the maximum temperature at the electrodes. Also, the distribution of temperature and the electric field becomes more homogenous between the electrodes as the conductivity of the saline layer increases for all thicknesses of saline. We conclude that irrigating electrodes with saline may be an effective measure to enhance the efficacy of irreversible electroporation by reducing the maximum temperature at the electrodes and also improving the extent and distribution of the electric field in the tissue. However, the properties of the saline should be adjusted so as to limit the increase of thermal damage propagated in the tissue.
Introduction
Irreversible electroporation (IRE) is a promising new therapy in which brief, high amplitude electric pulses are applied to treat cancer cells (1, 2) . Although the precise cellular mechanisms are unknown, it is thought that these pulses create semi-permanent to permanent aqueous nano-scale pores in the cellular membrane, disrupting the cellular homeostatic mechanisms, leading to cell lysis and necrosis. IRE can be applied solely with the use of needle electrodes, a high voltage generator, and a computer with an appropriate user interface to select the parameters for treatment (4) . IRE has been demonstrated to have potential for the treatment of unresectable liver cancer (2) . Although hepatocellular carcinoma (HCC), primary liver cancer, is potentially curable with surgical resection, only 10-15% of patients are candidates for surgical resection due to liver cirrhosis, close proximity of major blood vessels, and poor liver function (5, 6 
s represents tissue conductivity and f represents the electric potential. Joule heating, p, was calculated from the electric potential:
p  s f ∇ 2 [2] Heat generated from the irreversible electroporation procedure was calculated using the Modified Pennes Bioheat equation:
k represents the thermal conductivity of the tissue, T represents the temperature, w b is the blood perfusion, c b is the heat capacity of the blood, T a is the arterial temperature, q′′′ is the metabolic heat generation, r represents the tissue density, and c p is the heat capacity of the tissue.
Model Geometry and Properties
The liver used in the model was a rectangle 10cm 3 15cm width 3 height (infinite length). These are set to coincide with the approximate dimensions for a normal human liver (18) . The tumor was an infinitely long cylinder with a diameter of 2.5 cm, roughly an average size for liver tumors (19) and less than the maximum treatable size of tumors. (20) . The electrodes were modeled as infinitely long cylinders with 1 mm diameters and 1cm spacing between them. The saline jacket around the electrodes had varying thicknesses and conductivities (see below and Figure 1) . The liver and tumor were assumed to be isotropic with constant properties.
Liver transplantation is another viable option, but there is a shortage of organs and a long transplant waiting list (5). Thus, clinicians have sought various means to treat liver malignancies.
IRE has potential advantages over other forms of therapy. IRE is relatively easy and quick to use, leaves tissue structures intact (e.g., nerves, connective tissue) and can be used near major blood vessels (7) . IRE also has a sharp demarcation between ablated and non-ablated areas, demonstrating excellent regional selectivity depending upon the spatial extent of electric field used (8) .
IRE can be applied separate from thermal effects if the pulse parameters are chosen appropriately (1). Thermal ablation of tissue can damage structural elements, induce the formation of thrombi, and extend the length of healing times (9). However, with the use of larger amplitude pulses for the treatment of larger tumors and for longer pulse durations, which have been shown to be more effective in the creation of pores (10), it may not be possible to avoid larger temperature increases due to Joule heating effects.
We hypothesized that using hypertonic saline to irrigate the electrodes during IRE therapy may reduce the temperature increases due to resistive heating. The saline would theoretically increase the effective surface area of the electrodes, thereby potentially reducing the current density and thus reducing the amount of heat generated at the electrode-tissue interface. There are numerous studies using saline to enhance radiofrequency ablation therapy (6, (11) (12) (13) (14) (15) (16) . However, to date and to our knowledge no study has examined salineirrigated electrodes in irreversible electroporation.
To test the use of saline-irrigated electrodes we have developed this theoretical study using a computer-simulated irreversible electroporation therapy of a liver tumor.
Methods
We used a two-electrode, two-dimensional mathematical model of irreversible electroporation of a 2.5cm diameter tumor in a liver environment. The model was constructed similar to that described by Davalos et al. (1, 17 The electrical potential was calculated using the Laplace equation for potential distribution: 
Electrical Boundary Conditions
The surface of the liver was set to be electrically insulating:
The variable n represents the outward normal vector while J represents the current density. The tumor and saline boundaries were set as a continuity.
n J J * ( )
The boundary of the left electrode was set to be an electric potential with value V0 varying between 1000V, 2000V, and 3000V. The boundary of the right electrode was set to ground.
The electrical conductivity of the liver was set to 0.075S/m and the electrical conductivity of the tumor was set to 0.411 S/m (21). Tumors have higher electrical conductivities than normal tissue, and tumor conductivities up to 5 times the normal tissue conductivity have been reported (21). We also performed some experiments with a tumor conductivity twice that of the liver conductivity at 0.15S/m to examine what the effects would be.
Equation for subdomain electrical settings:
J e represents the external current density, d is thickness in the z direction, and Q j is the current source.
Thermal Boundary and Initial Conditions
The surface of the liver was set to be thermally insulating:
The remaining structures were set to be a continuity:
Material properties used in the model are summarized in Tables I and II . The tumor was given the same thermal and biophysical properties as the liver tissue in the model except for electrical conductivity. Although tumors have increased perfusion and metabolic heat generation rates, the short duration of the pulses should render these differences as negligible.
Study Parameters
Simulations were conducted with eight 100μs pulses with one second inter-pulse spacing. Such a protocol was used to derive the threshold electric field value for irreversible electroporation that we employ in this study (1). A similar protocol has also been used for IRE applications (22), although other and more recent studies use a larger number of pulses (e.g., 80-100 pulses) (23-26). This protocol is still useful for examining the effects of saline, which is the main focus of the study. We then tested the effects of saline conductivity and thickness on the development of the maximum temperature (which is near the electrodes) in the liver-tumor environment. We set the active electrode to 1000V, 2000V, and 3000V for each of the eight pulses for the different thicknesses and conductivities and calculated the maximum temperature for each protocol. The radial thicknesses of the saline around the electrode was varied with thicknesses at 0.25 mm, 0.5 mm, 1 mm, and 2 mm, and conductivities of the saline were varied at 1 S/m, 2.5 S/m, 4.5 S/m, and 8 S/m. 1S/m corresponds to the conductivity of physiological saline (27), and 4.5 S/m is close to the conductivity of seawater (28). The thicknesses were estimated based upon reasonable approximations, as there is no data in the literature for what the limitation to thickness might be. In practice, saline thickness can be adjusted by adjusting the volume of saline. We observed the electrical field and temperature distribution for each experiment.
We quantified the percent reduction in temperature as a function of saline conductivity. Percent reduction is calculated as our simulations do not reach sufficiently high values to justify the use of the surface area above 50°C as a metric for temperature distribution, we thought that 43°C would be a more appropriate marker. We also quantified the surface area of the model that had a magnitude of the electric field above 680V/cm to determine the amount of tumor that was ablated for each simulation (1).
Experiments conducted with the 0.15 S/m tumor conductivity included only values at 1 mm and 2 mm thickness of saline, and the percent reduction in maximum temperature was plotted versus the saline conductivity for those results.
Results

Maximum Temperature versus Conductivity
We plotted maximum temperature versus saline conductivity for the different applied voltages and different saline thicknesses in Figure 3 A-D. The plot shows that the use of saline lowers the maximum temperature, with the difference most (Maximum Temperature with no Saline -Maximum Temperature with Saline)/Maximum Temperature with no Saline.
We used a mesh with 2922 elements, as depicted in Figure 2 .
Finally, we quantified the surface area in the model that was above 43°C, SA 43 , via integration in COMSOL to monitor the distribution of heat. Although 50°C is generally used as the temperature at which thermal damage occurs (29, 30), thermal damage can occur at a temperature as low as 43°C with longer exposure times (31). Since the temperatures in increase with each thickness up through 1 mm. At 2 mm, there appears to be a peak reduction in the maximum temperature after which there is a decline. In Figure 5 , we show clearly that for each voltage there is a trend in the maximum temperature whereby the lowest temperature is found at a saline thickness of 1 mm for all saline conductivities except 1 S/m, which has its minimum at 0.5 mm. Also in Figure 5 , one can see that the minimum temperature seems to occur at a saline conductivity of 2.5 S/m except for a thickness of 0.25 mm where the minimum occurs at 1S/m. The Table IV tabulates the results from the plots and shows that the percent reduction generally increases with the thickness of the saline layer, except at 2 mm where a slight decrease occurs relative to 1 mm thickness. apparent at the highest applied voltage. The reduction in temperature by saline appears to plateau as the saline conductivity is increased for smaller thicknesses. At the largest thickness of 2 mm, the temperature reaches a minimum point after which it rises slightly, although it is still less than with no saline for the higher conductivities. The curve seems to get generally steeper as the thickness increases, at least from 0.25 mm to 1 mm.
We also quantified the percent reduction in temperature with saline conductivity in Figure 4 A-D. Again, there appears to be a plateau effect (i.e., the reduction in temperature levels off at higher conductivities) up to a thickness of 1 mm. The percent reduction in the maximum temperature also appears to 
Figure 3:
A plot of the maximum temperature versus the saline conductivity at three different voltages used in the experiment with the saline layer having a thickness of (A) 0.25 mm (B) 0.5 mm (C) 1 mm (D) 2 mm. As the saline conductivity increases, the maximum temperature decreases and appears to plateau. The lowest maximum temperature occurs with a conductivity of 1S/m for a saline thickness of 0.25 mm and 0.5 mm. However, the lowest maximum temperature occurs with a conductivity of 2.5 S/m for a saline thickness of 1 mm and 2 mm. 
Electric Field and Temperature Distribution with Increasing Conductivity
The distribution of the electric field throughout the tumor environment for different conductivities of the saline at a thickness of 1 mm and an applied voltage of 3000V is shown in Figure 6 . The minimum value of the electric field magnitude scale is set at 680V/cm such that the dark region within the tumor shows the area of irreversible electroporation (1).
We quantified the percentage of the tumor that was ablated (the region where the electric field magnitude was above 680 V/cm) in Table VI , which shows an increase in that percentage with an increase in the saline conductivity and with an increase in the thickness of the saline. Although only the conductivity of the saline is changed in Figure 6 , the region of irreversible electroporation increases with the increase of the conductivity of the saline. This is more apparent in Table VI as the percentage of the tumor's ablated region goes from 65.27% at 1 S/m to 79.08% at 8 S/m for an applied voltage of 3000V at a saline thickness of 1 mm. The magnitude of the electric field also becomes more homogenous in the region between the electrodes in Figure 6 , as depicted by the visible spreading and greater consistency of the higher electric field There is an increase in the percent reduction in the maximum temperature with the presence of saline. For A-C, the percent reduction in maximum temperature reaches a plateau, but for D there is a peak at a saline conductivity of 2.5 S/m after which there is a decrease.
magnitudes between the electrodes. This indicates that the addition of saline spreads the distribution of the electric field magnitude.
The distribution of higher temperatures in the tumor environment increases as the conductivity of the saline increases as shown in Figure 7 . The minimum value of the temperature scale is set to 43°C such that the dark region in the tumor indicates values at or above 43°C. As with the electric fields, there is an increase in the region that is above 43°C as the conductivity of the saline increases. Also, the distribution of high temperatures becomes more homogenous between the electrodes as the saline conductivity increases.
We quantified the percentage of the tumor surface area that is above 43°C, SA 43 , in Table V . In Table V we show that there is an increase in SA 43 for all thicknesses as you increase the voltage, which is expected due to Joule heating. There is also an increase in SA 43 as the conductivity of the saline increases for each thickness at a voltage of 3000V. This pattern is not as apparent for 2000V probably because there was not enough area of the tumor at or above 43°C to be above round-off error.
Finally, since one must consider the amount of thermal ablation that might occur with the use of saline versus its functions in reducing the temperature and increasing the amount of ablated area, we plotted the percent reduction in maximum temperature versus the SA 43 for all values in Figure 8 and also plotted the percent of the tumor that is ablated versus the SA 43 for all values in Figure 9 . Generally the 1000V values have the lowest percent reduction in maximum temperature and the lowest percent of tumor ablated, but they also have the lowest SA 43 . The values at 3000V have the highest percent reductions in maximum temperature and the highest percentages of ablated tumor, but they also have the highest SA 43 .
Finally, we plotted the percent reduction in the maximum temperature versus saline conductivity for the experiments with the 0.15 S/m tumor conductivity in Figure 10 and observed that the temperature was reduced with the use of saline, but the overall temperatures were lower as well as the percent reduction in the maximum temperature as compared to the higher tumor conductivity.
Discussion
This theoretical modeling study demonstrates significant changes occurring with the use of saline to irrigate the electrodes in irreversible electroporation therapy. The saline decreases the maximum temperature in the liver-tumor environment in relation to the thickness and conductivity of the saline, which corroborates our proposed mechanism that the increase in the surface area decreases the current density and thereby reduces the amount of Joule heating at the tissue-electrode interface. The saline would also reduce the temperature via convection. However, the saline would diffuse into the tissue, mix with the blood, and carry heat with it via conduction. Having a thicker amount of saline around the electrodes (i.e., higher volume) would reduce the convective cooling by a reduction in the flow rate (32). Since the saline would have a higher conductivity than the surrounding tissue, the current would be extended beyond the electrode by the saline (32).
We consistently observed a decrease in the maximum temperature with the use of saline at each of the different voltages for each of the different thicknesses as exhibited in Figures 3, 4 , and 5. The presence of saline alters the local electrical conductivity stabilizing the heat and raising the amount of energy required to heat the environment (30, 33). The relationship is more visible at higher voltages presumably because these provide greater differences between the initial temperature and the final temperature than the lower voltages. There appears to be a plateau at higher conductivities suggesting that the effect reaches a limit above which increasing the conductivity does not increase the reduction in temperature. This plateau effect is especially present at the lower thicknesses of 0.25 mm and 0.5 mm ( Figure 4A and B) This plateau decreases at 1 mm and does not occur at the highest tested thicknesses of 2 mm (Figure 4) suggesting that there are some competing mechanisms related to the increase in the surface area of the electrode versus the propagation of heat by a higher conductivity medium being present. As alluded to by Lobo et al. (30) , these competing mechanisms can be partially explained by fact that Joule heating is proportional to I 2 R where I is the current and R is the resistance.
As the conductivity of the saline increases and the volume increases (e.g., 2 mm thickness), the current increases and the I 2 increase portion of the relationship may dominate, mitigating the reduction of the maximum temperature. However, at lower saline conductivities with relatively lower volumes (1 mm thickness), the spread of the current density by the increased surface area and the R portion of the I 2 R relationship may dominate. This may explain the peak reduction in the maximum temperature at a thickness of 1 mm and saline conductivity of 2.5 S/m seen in Figure 5 . Thus, one applying saline in IRE therapy should take care to use appropriate amounts and concentrations of saline, and perhaps some pretreatment planning with FEM simulations would be useful to optimize the reduction in temperature.
The changes in the electrical field and temperature properties between the electrodes with an increase in conductivity as exhibited in Figures 6 and 7 is most likely due to the alteration of the local conductivity allowing for a more homogenous dispersion of the current between the electrodes. The increase in the extent of the irreversible electroporation zone suggests that the use of saline could reduce the amplitude of voltages required for effective therapies, which would reduce the likelihood of undesirable adverse effects, such as muscle contractions and pain (34). It would also mean that potentially larger tumors could be treated with IRE without changing the setup of the electrodes.
The more homogenous temperature between the electrodes corresponds to the dispersing of the electric field. Goldberg et al. suggest that injection of a fluid increases thermal conduction in tissues by the convection of heat over a larger tissue volume (33) Although the more homogeneous higher temperatures may not be as desirable, if the maximum temperature is reduced below thermally damaging levels, then the change most likely would not be significant enough to present adverse effects.
From our results, the use of higher volumes of saline at higher conductivities appeared to increase the surface area of the tumor that could potentially be thermally damaged (Table V) , although it decreases the maximum temperature experienced at the electrodes. The amount of area that may be thermally damaged depended upon the thickness of the saline used as well as the conductivity. Thus, the operator of the treatment should be careful in the selection of the volume and concentration of the saline so as to avoid some of the harmful aspects of thermal tissue damage that renders IRE an advantageous therapy (e.g., damage of tissue structural elements and prolonged healing times). Thus, the use of lower saline volumes and conductivities may be preferable to avoid thermal damage.
In the application of the therapy, there may be a set limit such that it is deemed acceptable that the amount of thermally damaged tissue be at or below 5% for example, and at these values according to our simulations it would be beneficial to employ a pulse amplitude of 2000V and a saline volume that may produce thickness layer of 1 mm, and a concentration that would produce a conductivity of saline of 2.5 S/m. This would result in a 9.7 percent reduction in the maximum temperature as compared to no saline and would ablate at least 41% of the tumor. If the tolerance of thermal damage is higher, e.g., 10% thermal ablation, then one can use higher amplitudes of voltage (3000V) and a different volume of the saline (0.5 mm thickness) with the same saline conductivity of 2.5 S/m to ablate substantially more of the tissue (63%). If one desires that there be no thermal ablation whatsoever, then lower saline volumes and conductivities would be necessary.
Previous radiofrequency ablation studies reported that saline increases heat deposition and the region of coagulation, but these studies used the lower electrode temperatures to allow the output of the generator to increase during the procedure (i.e., current output increased), thereby increasing the temperature of the affected region. The increased tissue conductivity with saline use increases the amount of energy needed to increase the tissue temperature. We used a fixed voltage in our application (fixed current output) and thus saw the temperatures lowered (30, 33) . We also used a high ratio for the conductivity for the tumor compared to the normal liver tissue, as according to values observed in the literature (21). We conducted experiments with a lower tumor conductivity and saw once again a reduction in the maximum temperature due to the implementation of saline, and the results are reported in Figure 10 . Higher conductivities mean higher temperatures due to the greater current densities that exist, and thus in the lower conductivity tumor the temperatures across the board were reduced which reduced the impact of the saline as compared to the high conductivity tumor model. This should be considered in future models and in application.
Application
The use of saline-irrigated electrodes to reduce tissueelectrode temperatures has many potential advantages. The reduced temperature could help prevent increases in electrode impedance due to tissue desiccation and could also help prevent charring and popping of the tissue, which occurs when the tissue reaches a boiling point. These effects could limit the effectiveness of the therapy (14). Our model did not include the heat-sink effect of large blood vessels, which would further reduce the temperature. Implementing the action of saline would be relatively simple, and such electrodes already are in existence (11, 13, 32) . There are also electrodes that have an internal cooling mechanism, which would have potential advantages when used in conjunction with saline irrigation (35).
One of the risks of using hypertonic saline is the possibility for hypernatremia, which has been showed to occur in some clinical instances of liver treatments for hydatid cysts (36, 37) . However, the volumes of saline used to perfuse the cyst were much greater than what we envision the electrodes to be irrigated with (3L versus up to 25 mL) (33). Thus we anticipate that the volumes of saline used for irrigating the electrodes would not pose the risk of hypernatremia. Also, hypertonic saline has demonstrated efficacy in treating hepatocellular carcinoma on its own, so there may be an added therapeutic benefit in using it with IRE (6) . There is also the potential that the heated saline would diffuse into the tissue and cause thermal damage, using a small volume of saline could mitigate those effects.
Limitations
In our study, we assumed the liver and tumor to be isotropic with constant properties independent of frequency. It has been shown that the thermal and electrical conductivities of tissue increase with temperature, and tumors are known to Figure 9 : A plot of the percent of the surface area of the tumor that is ablated in the application of the therapy in the simulation (the percent of the surface area of the tumor that has an electric field greater than or equal to 680 V/cm) versus the surface area above 43°C. The dotted lines separate the points where 1000V was applied (left) from the points where 2000V was applied (middle) and the points where 3000V was applied (right). The type of marker depicts the conductivity of saline where the circle represents 1 S/m, the triangle with the point up indicates 2.5 S/m, the square represents 4.5 S/m, and the triangle with the point down represents 8 S/m. The shading indicates the thickness of the saline layer where white represents 0.25 mm, light gray represents 0.5 mm, dark gray represents 1 mm, and black represents 2 mm. Lower conductivities generally have lower SA 43 s, which is desirable, but the higher conductivities tend to have a greater percent ablation of the tumor.
have heterogeneous environments (38, 39) . The conductivity of the tissue also increases during IRE therapy (40). Also, we used a two-dimensional model rather than a three-dimensional model to enhance the expediency of data acquisition. For our purposes in highlighting the effects of saline irrigation upon the development of temperature, we considered these assumptions to be reasonable.
We used a protocol typical for electrochemotherapy for this study (41), although a similar protocol has been used recently and effectively for IRE applications (22), and it is important to recognize that the effects of saline may differ for different protocols. Many recent IRE protocols used a large number of pulses (e.g., 80-100 pulses) (23-26)., but the use and function of saline would be the same in these circumstances, although one would expect larger temperatures to be involved due to the increase in the number of pulses. Increasing the number of pulses, pulse duration, and pulse frequency would all increase the development of heat in the tissue environment. It is possible that saline may be more effective when the pulses are spread out over more time. The way in which the effects of saline vary with a change in the pulse protocol may be the subject of further studies. Figure 10 : A plot of the percent reduction in the maximum temperature versus the saline conductivity for three different voltages with the saline layer's thickness being (A) 1 mm (B) 2 mm. Percent reduction in the maximum temperature is calculated as (Maximum Temperature with no Saline -Maximum Temperature with saline)/Maximum Temperature with no Saline. There is an increase in the percent reduction in the maximum temperature with the presence of saline. For a, the percent reduction in maximum temperature reaches a plateau, but for b there is a peak at a saline conductivity of 1S/m after which there is a decrease.
Conclusion
Our model suggests that use of saline-irrigated electrodes could enhance irreversible electroporation therapy by decreasing the temperature at the tissue-electrode interface and increasing the extent and distribution of electric fields in the tissue. Saline-enhanced electrodes could potentially increase the size of tumors treated with IRE without changing the setup of the electrodes and they could allow greater and longer pulses to be used, which could further improve the therapy (42). Future studies are needed to examine the effects of saline-irrigated electrodes in phantom, animal, and eventually clinical studies. Future work could also attempt to optimize the volume and concentration of saline for maximal effect and lowest risk of thermal damage and complications.
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